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Abstract

Dispersion stability

The cell free extracts of Candida parapsilosis ATCC 7330 are more efficient than the whole resting cells of the yeast in
the synthesis of directly usable gold nanoparticles as revealed by this systematic study. Cell free extracts yielded gold
nanoparticles of hydrodynamic diameter (50-200 nm). In this study, the total protein concentration influences the
nanofabrication and not only the reductase enzymes as originally thought. Powder X-ray diffraction studies confirm
the crystalline nature of the gold nanoparticles. Fourier Transform Infra Red spectroscopy and thermal gravimetric
analysis suggests that the biosynthesized gold nanoparticles are capped by peptides/proteins. Dispersion experi-
ments indicate a stable dispersion of gold nanoparticles in pH 12 solutions which is also confirmed by electron
microscopic analysis and validated using a surface plasmon resonance assay. The effectiveness of the dispersed nano-
particles for the reduction of 4-nitrophenol using sodium borohydride as a reductant further confirms the formation
of functional gold nanoparticles. It is also reported that gold nanoparticles with mean particle diameter of 27 nm are
biosynthesized inside the whole cell by transmission electron microscopy analysis. With optimized reaction condi-
tions, maximum gold bioaccumulation with the 24 h culture age of the yeast with cellular uptake of ~10'° gold atoms
at the single cell level is achieved but it is not easy to extract the gold nanoparticles from the whole resting cells.
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Introduction

Microorganisms play a key role in the removal of toxic
heavy metals and metalloids from the polluted environ-
ment by biosorption, bioaccumulation, biotransforma-
tion and biomineralization (Dixit et al. 2015; Gadd 2010;
Reith et al. 2007). There is also an emphasis on using
microbes for the synthesis of nanoparticles as compared
to chemical methods since the microbe mediated meth-
ods are environmentally benign and sustainable (Sharma
and Mudhoo 2010; Singh 2015; Virkutyte and Varma
2013). Among the microbes, fungi are well known for
heavy metal binding, uptake and accumulation (Dighton
and White 2005). Fungal species are efficient biological
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systems for the synthesis of metal nanoparticles (Borou-
mand Moghaddam et al. 2015). Among the noble metal
nanoparticles, gold nanoparticles are widely used for
diverse applications in diagnosis, therapy and catalysis
(Eustis and El-Sayed 2006). Compared to bacteria, syn-
thesis of gold nanoparticles using fungal systems has
advantages such as the ease of handling/scale up, pres-
ence of redox enzymes and capping agents for enhanced
productivity (Yadav et al. 2015). The initial report on
fungus mediated preparation of gold nanoparticles used
the Verticillium sp. where the nanoparticles are formed
intracellularly (Mukherjee et al. 2001) but the isolation of
nanoparticles from the cells is still quite a challenge.
Pichia jadinii (Gericke and Pinches 2006b) produces
spherical gold nanoparticles intracellularly whereas Y.
lipolytica (Agnihotri et al. 2009) biosynthesized nanopar-
ticles remain associated with the cell wall. Besides spheri-
cal gold nanoparticles, yeast species are also reported
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to produce nanoparticles of varying size and morphol-
ogy e.g. triangular and hexagonal gold nanostructures
are produced with extracts of V. volvacea (Philip 2009).
Using yeast species, formation of cadmium sulfide (Dam-
eron et al. 1989), lead sulfide (Seshadri et al. 2011), tita-
nium dioxide (Jha et al. 2009a) and antimony oxide (Jha
et al. 2009b) nanoparticles are also reported.

Microbial production i.e., whole resting/ferment-
ing cells, cell free extracts, isolated proteins and culture
supernatants can be used for the production of nano-
particles. Whole intact cells which are harvested from
the culture media are commonly referred to as resting
cells and cell free extract is the crude fraction obtained
after lysing the resting cells. Candida parapsilosis ATCC
7330 is reportedly an established biocatalyst for vari-
ous organic biotransformations to produce optically
pure secondary alcohols and amines (Mahajabeen and
Chadha 2013; Venkataraman and Chadha 2015). It is
also observed that the biocatalytic activity of this yeast is
found to vary with the culture age used for the biotrans-
formation (Kaliaperumal 2011). There are not too many
detailed reports on the correlation between the micro-
bial culture age and biogenesis of gold nanoparticles. The
bacteria Thermus scotoductus SA-01 shows that the max-
imum removal of Au in the form of nanoparticles occurs
during the late exponential phase (Erasmus et al. 2014).
In a separate study, the synthesis of silver nanoparticles
using the cell free filtrates obtained from 4 to 7 days cul-
ture of Penicillium nalgiovense AJ12 shows the impor-
tance of culture age (Wang and Chen 2009). Even though
these reports have specified the importance of microbial
culture age, the other parameters which affect the metal
bioaccumulation are not dealt with. This study shows the
optimization of parameters such as culture age, biomass
concentration and incubation time for the biosynthesis
of gold nanoparticles using the intact whole cells of Can-
dida parapsilosis ATCC 7330 and the utility of the cell
free extract prepared from the resting cells for the bio-
synthesis of gold nanoparticles. In addition, experiments
to improve the monodispersity of particles formed by the
yeast cell free extract is presented.

Materials and methods

General

Gold (III) chloride (99 % pure) and Bradford reagent
were procured from Sigma Aldrich. Yeast malt broth
media constituents (peptone, yeast extract, malt extract;
dextrose) and phenyl methane sulfonyl fluoride (PMSF)
were purchased from Hi Media laboratories. Buffering
reagents such as potassium dihydrogen phosphate and
dipotassium hydrogen phosphate were purchased from
Merck. Enzyme cofactors such as Nicotinamide ade-
nine dinucleotide (NADH) and Nicotinamide adenine
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dinucleotide phosphate (NAD(P)H) were procured from
Sisco Research Laboratory chemicals. All set of experi-
ments was performed using ultra pure MilliQ H,O (resis-
tivity: 18.2 MQ cm). All the reaction flasks were washed
with aqua regia (3: 1 v/v of Conc. hydrochloric acid and
nitric acid) before use.

Microorganism growth conditions and growth behavior

in liquid medium

Candida parapsilosis ATCC 7330 strain was procured
from ATCC, Manassas, VA 20108, USA and grown in
yeast malt broth (YMB) media consisting of 5 g L™
peptone, 3 g L™! yeast extract, 3 g L™' malt extract and
10 g L' dextrose. Yeast malt agar slant was prepared at
monthly intervals to maintain stock culture under sterile
conditions. For preculture, about two loops (4 mm diam-
eter) was inoculated in sterilised 50 mL media and incu-
bated in an orbital shaker at 200 rpm at 25 °C. For the
main culture, about 4 % v/v of preculture was inoculated
into sterilised 50 mL YMB broth medium and incubated
for respective growth periods according to the aforemen-
tioned conditions. The yeast culture and preservation
conditions were followed as per established procedures
(Kaliaperumal et al. 2010). The growth behavior of Can-
dida parapsilosis ATCC 7330 in liquid medium was stud-
ied by monitoring the optical density (ODg,) and dry cell
weight as a function of time. Samples were diluted for
optical density measurements so as to keep the OD val-
ues lesser than 1.0.

Biosynthesis of gold nanoparticles using resting cells
Different culture ages of the yeast (24, 36 and 48 h) of
50 g L™! concentration were used for the biosynthesis of
gold nanoparticles. To the cell suspension prepared with
phosphate buffer (pH 7.0, 20 mM), gold (III) chloride
was added to make an overall concentration of 1 mM.
The reaction flask was maintained at 37 °C, 200 rpm for
72 h. The amount of Au removal from the aqueous solu-
tion was determined for different culture ages. After 72 h
reaction, the yeast cell suspension was removed from
the reaction mixture and the remaining supernatant was
used to estimate the amount of gold left over. Through
mass balance calculations, the amount of gold loaded
into the yeast cells was determined.

In order to determine the optimum cellular concen-
tration, the biomass concentration was varied for the
fixed metallic precursor and the amount of gold uptake
and cellular morphology was examined. Identical reac-
tions were carried out with biomass concentration
ranging from 25 to 150 g L™ for a fixed gold(IIl) ion
concentration (1 mM) and the reaction flasks are incu-
bated for 72 h (200 rpm, 37 °C). Samples were analyzed
for gold uptake. For the cases with higher gold uptake,
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transmission electron microscopic analysis was carried
out.

Kinetics of gold accumulation was studied using whole
resting cells (20 mL, 50 g LY for gold (III) chloride
(1 mM). At few intervals, the samples were centrifuged to
collect the supernatant and the residual gold was meas-
ured. Control experiment involves the same concentra-
tion of gold precursor added to the buffer and incubated
under identical conditions.

The amount of gold atoms present in a single Candida
parapsilosis cell was determined by equating the cell
count to the amount of gold removal by the cells. Number
of yeast cells in the 50 g L™" cell suspension was deter-
mined using haemocytometer. The average number of
cells (per mL) was found to be 1.8 (0.13) x 10° cells. To
the reaction flask, varying number of cells was added, to
which gold (III) chloride was added to the flasks and kept
for incubation at 37 °C, 200 rpm for 72 h. The amount
of gold chloride added was 3.51 x 10%® Au atoms. The
amount of gold uptake by the cells is determined.

Biosynthesis of gold nanoparticles using the cell free
extract

Yeast cultures grown up to 24 h was harvested to remove
the growth media using centrifugation (12,800xg, 5 min,
4 °C) and washed twice with MilliQ water, to remove the
media components. Phosphate buffer (pH 7, 20 mM) was
used to prepare the cell suspension of 50 g L™} concen-
tration. To the cell suspension prepared with 24 h cul-
ture, 1 mM phenyl methyl sulfonyl fluoride was added as
a protease inhibitor. Cell suspension was then subjected
to ultrasonication (Vibra-cell ultrasonicator) under
these conditions (1 s pulse on/off, 35 % amplitude, 4 °C,
10 min). After ultrasonication, the suspension was sub-
jected to centrifugation (12,800xg, 15 min and 4 °C) and
the supernatant was collected. The supernatant fraction
was the cell free extract used for the biosynthesis of gold
nanoparticles.

Cell free extract prepared from resting cells harvested
at 24 h was used for the synthesis of gold nanoparticles.
To 20 mL of the prepared extract, gold (III) chloride was
added to make an overall concentration of 1 mM. The
reaction mixture was then kept for incubation at 37 °C,
200 rpm for 72 h.

The concentration of proteins in the cell free extract
was estimated using Bradford assay (Bradford 1976).
Alcohol dehydrogenase activity (ADH) (Peters et al. 1993)
in the extract was assayed using acetophenone as a model
substrate. The consumption of NADH during the reac-
tion was monitored spectrophotometrically (V-530 UV/
vis Spectrophotometer) at 340 nm and 25 °C using molar
extinction coefficient of 6.22 mL pmol~! cm™. Similarly,
glutathione reductase activity (GR) (Romero-Puertas

Page 3 of 15

et al. 2006) in the extract was determined using oxidized
glutathione as a substrate and NADPH as a cofactor. One
unit (U) of ADH or GR activity is defined as the amount
of the enzyme that catalyses the oxidation of 1 pmol of
NAD(P)H per minute respectively under the conditions
specified.

The cell free extract prepared from the resting cells of
Candida parapsilosis ATCC 7330 (fraction I) was used as
areference. The reaction mixture after 72 h was subjected
to centrifugation (18,500xg, 60 min, 4 °C). The superna-
tant fraction containing the unbound proteins (UBP) was
collected. The pellet had the gold nanoparticles. The pro-
tein concentration in the cell free extracts i.e. fraction I
and the unbound protein fraction was estimated using
Bradford assay. Both these fractions were further con-
centrated by lyophilization; these samples of identical
protein amounts (50 pg) were denatured and run through
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (12 %). The gel was stained initially using Coomassie
staining followed by destaining. In order to improve the
resolution, the gel was subjected to quick silver staining.

Effect of protein concentration on nanofabrication
Preliminary experiments on biosynthesis of gold nano-
particles were carried out by varying the protein con-
centration (220-2000 pg mL™') for the fixed gold (III)
chloride (1 mM). Further, identical reactions were car-
ried out with varying protein concentration (220, 330 and
530 pug mL™Y), to each of which different concentrations
of gold (III) chloride (0.5, 0.75 and 1.0 mM) were added.
Experiments were carried out with 20 mL of the prepared
cell free extract put in 150 mL conical flask. Reaction
flasks were kept for incubation under the standard reac-
tion conditions (37 °C, 200 rpm and 72 h).

Purification of the biosynthesized gold nanoparticles

Gold nanoparticles were purified from the reaction mix-
ture using centrifugation (18,500x g, 60 min, 25 °C), solid
nanoparticles were dispersed in MilliQ water and the
process was repeated again to obtain gold nanoparticles
free from unreacted gold ions.

Effect of pH on the dispersed gold nanoparticles

About 1.5 mL of the gold nanoparticles was subjected
to centrifugation (18,500xg, 60 min, 4 °C) and the solid
nanoparticles were dispersed in different pH solutions
(2, 4, 6, 8, 10, 12). In this study, pH was adjusted in Mil-
liQ water to make different pH solutions (using either
hydrochloric acid or sodium hydroxide). Samples were
analyzed after the dispersion of gold nanoparticles in
respective pH solutions. In addition, long term stability
of the better dispersed gold nanoparticles was monitored
after 20 months storage at 4 °C.
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Catalytic studies

In this model study, pH 12 dispersed gold nanoparticles
was used to study the catalytic reduction of 4-nitrophe-
nol (4-NP) using sodium borohydride (NaBH,) as a elec-
tron donor at ambient conditions. The progress of the
reduction of 4-NP was monitored spectrophotometri-
cally as a decrease in the absorbance of the substrate
4-NP at 400 nm. In the cuvette assay, the final concen-
trations of the 4-nitrophenol and NaBH, were made 10™*
and 1072 M respectively. Typically, this second order
reaction was made pseudo first order by keeping NaBH,
concentration 100 fold excess in relative to 4-nitrophe-
nol. About 10 uL (3.3 x 102 mol) of the gold nanopar-
ticles was added and the final volume was adjusted to
1 mL using MilliQ water. Identical reactions without the
addition of gold nanoparticles were performed as a con-
trol experiment. Time course of the catalysis was studied
through monitoring the absorbance at 400 nm.

Characterization methods

Characteristic surface plasmon resonance peak of the
gold nanoparticles was monitored using JASCO V-530
UV/vis Spectrophotometer. The amount of gold removed
by the biomass from the aqueous solution was deter-
mined using induced coupled plasma-optical emission
spectrometry (Perkin Elmer Optima 5300 DV). The
residual concentration of gold in the reaction superna-
tants was determined by recording the optical emission
at A/nm (267.595), intrinsic to the gold element. Prior
to the analysis, instrument was calibrated with known
concentration of gold solution. Hydrodynamic diam-
eter, polydispersity index and zeta potential of the gold
nanoparticles were determined using Zetasizer 3000
HSA (Malvern Instruments, UK). All these characteri-
zation experiments were done in triplicate samples and
the results were provided with respective mean value and
standard deviation.

Transmission electron microscopy was performed
using Philips CM12 Transmission electron microscope to
examine the size and morphology of the gold nanopar-
ticles. For better understanding, Image J analysis (Image
J 1.46r) was performed to determine the primary parti-
cle size from the electron micrographs. The phase iden-
tity and crystalline nature of the gold nanoparticles were
determined with Bruker Discover D8 diffractometer
using Cu (Ka) radiation (\/A = 1.5406) at room tem-
perature in the 20 range from 30° to 100°. The surface
chemistry of the lyophilised gold nanoparticles was ana-
lysed using FT-IR Eco-ATR Bruker ALPHA spectrom-
eter in the range 600-4000 v,,, /cm™" with a resolution
of 4 cm™!. Thermal decomposition of the lyophilized
gold nanoparticles was analyzed using thermal gravim-
etry (NETZSCH STA 449F3) instrument in nitrogen

Page 4 of 15

atmosphere at the rate of heating of 5 °C per minute with
Al,O; as a reference sample.

Results

Whole resting cells mediated Au NPs biosynthesis

Effect of culture age

The growth of this yeast in yeast malt broth media
(YMB) shows the lag phase (0-6 h), exponential/log
phase (6—30 h), stationary phase (30—-42 h) and decline
phase (42 h and above) (Fig. 1). Fermenting cells which
contain AuCl; did not show any color associated with
gold nanoparticles formation. Yeast biomass harvested
at different culture ages (24, 36 and 48 h) were incu-
bated with 1 mM AuCl;. UV/vis spectrum analysis of
biomass showed the formation of gold nanoparticles
as seen spectrophotometrically at ~520-580 nm (sur-
face plasmon resonance, SPR) (Fig. 2a). The initial color
of the biomass (pale white) gradually changed and a
pinkish coloration was observed with all culture ages
(Fig. 2b). Visible inspection of the reaction biomass
showed that the pink color is retained with the bio-
mass. The reaction supernatants (free from cell bio-
mass) did not show the spectrophotometric response
(~520-580 nm) of gold nanoparticles formation which
indicates the lack of extracellular formation of nano-
particles. From quantitative analysis of the reaction
supernatants, it was found that the gold removal from
the aqueous solution was 77 % with 24 h resting bio-
mass and there was no major difference in the gold
removal from the solution with increasing culture ages
i.e,, 36 h (76 %) and 48 h (77 %).

Transmission electron microscopy analysis of the
whole cell mounts shows that the gold nanoparticles
were formed using the resting cells (24 h culture) of Can-
dida parapsilosis ATCC 7330 (Fig. 3a) Gold nanoparti-
cles biosynthesized using the resting cells of 24 h culture
were spherical in shape. The enlarged micrographs show
the uniform distribution of nanoparticles with average
size of about 27 nm (Fig. 3b, d) on the whole cells. Energy
dispersive analysis of the reaction with resting biomass
shows the optical absorption at 2 keV which is a charac-
teristic of the metallic gold which was not observed for
the control cells (Fig. 3c; Additional file 1: Figure Sla,
b). Experiments showed that the heat killed cells did not
produce any discrete nanoparticles (Additional file 1: Fig-
ure S2).

Influence of biomass concentration

In the present study, different concentrations of the Can-
dida parapsilosis ATCC 7330 were used for a fixed gold
(III) concentration (1 mM). About 79 and 76 % of gold
(III) was removed (Additional file 1: Figure S3) from
the aqueous solution for the biomass concentrations of
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25 and 50 g L' respectively and the cell morphology
remain almost intact as visualized from electron micro-
graphs (Fig. 4a, b). For the biomass concentrations of 75
and 150 g L™}, the gold uptake decreased to 63 and 52 %
respectively.

Kinetics of gold accumulation vs. biomineralization of gold
nanoparticles
Gold accumulation kinetics was studied for the biomass
concentration of 50 g L™! against 1 mM AuCl,. UV/vis
spectrum analysis showed that the biomineralization of
gold nanoparticles was increasing with time and more
noticeably from 24 to 72 h (Fig. 5a). About 77 % of the
gold was bioaccumulated at the end of 72 h (Fig. 5b).
Optical density (OD) measurements were initially cali-
brated against the cell number (Additional file 1: Figure
S4) such that 1 OD corresponds to 5.4 x 10 cells (0.366 g
DCW/L). Assuming that all cells were identical and the
cell number was constant during the course of reaction,
the maximum number of gold atoms accumulated as
nanoparticles within a single cell was found to be in the
order of 10*° atoms (Additional file 1: Table S1). Efforts
to extract the gold nanoparticles formed within the rest-
ing biomass using ultrasonication (Additional file 1: Table
S2) gave poor yields of stable Au NPs.

Cell free extract mediated Au NPs biosynthesis

Under identical experimental conditions, the cell free
extract of 24 h culture prepared from 50 g L™ cell sus-
pension was used instead of resting cells. Using UV/vis
spectrophotometer, SPR peak (535 nm) corresponding
to the formation of gold nanoparticles was observed



Krishnan et al. AMB Expr (2016) 6:92

Page 6 of 15

—_—

24 26 28 30 32 34 36 38 40
Diameter(nm)

Fig. 3 a Transmission electron micrographs of the whole cell mounts after the reaction (Scale bar 1 um, 3000x), b enlarged micrographs (Scale bar
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Fig. 4 Transmission electron microscopic analysis of the gold nanoparticles biosynthesized usinga 25 g L= and b 50 g L™" of the biomass concen-

which was also consistent with the visual inspection
(Fig. 6a, b). Gold nanoparticles biosynthesized using
the cell free extract were spherical as visualized from
microscopic images (Fig. 6¢). Using Image ] software,
the primary particles size from the electron micro-
graphs was found to be 52 nm (considering mainly
the larger size fraction) which was well in agreement

with the hydrodynamic diameter (D) estimation (D,
59 nm) and polydispersity index (PDI) of 0.4. Powder
X-ray diffraction study depicts the formation of the
Au NPs with low surface energy facets such as (111)
and (100) (Additional file 1: Figure S5) which repre-
sents their face cubic crystalline nature (ICDD card no.
00-04-0784).
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Zeta potential of the biosynthesized gold nanoparticles
was found to be —24 mV which indicates colloidal sta-
bility. Freezed dried pellet of gold nanoparticles showed
FT-IR signals at 3271, 2909, 1641, 1537, 1389, 1234 and
1039 cm ™! (Additional file 1: Figure S6). Thermal gravi-
metric analysis revealed that there was about 10 % weight
loss due to the mass change at temperatures in the range
of 350-400 °C (Additional file 1: Figure S7). From SDS-
PAGE analysis, it was observed that few bands (around
45-60 kDa) diminished in the UBP fraction as compared
to fraction 1 (Additional file 1: Figure S8). Protein con-
centration in fraction 1 was found to be 350 pg mL™*
whereas UBP fraction contains 230 pug mL™'. There was
a difference in protein concentration of about 120 pg/
mL (34 % of the total proteins) between fraction I and
UBP fraction. Relative quantitation of the gel (50 ug of
proteins loaded in each well) using densitometry analy-
sis (Image Lab 3.0 software) showed that the intensity of
protein bands (labeled as B1, B2 and B3) in unbound pro-
teins fraction were diminished (Additional file 1: Table
S3).

Effect of protein concentration on biogenesis of gold
nanoparticles

The cell free extract contains a variety of enzymes/pro-
teins and other organic molecules. The protein concen-
tration in the cell free extract prepared from 50 g L™
cell suspension was 537 pg mL™". The effect of protein

concentration (220-2000 pg mL™") on the biosynthesis
of gold nanoparticles was investigated spectrophoto-
metrically. Characteristic surface plasmon resonance
(~520-580 nm) corresponding to the formation of nano-
golds (Fig. 7) was seen with lower concentrations of the
protein (220, 330 and 530 ug mL™!). Reactions employing
higher protein concentration (1500 and 2000 pug mL™?)
did not show the SPR bands which indicates that the gold
nanoparticles were not formed (Fig. 7). Transmission
electron microscopy studies confirmed that the spheri-
cal gold nanoparticles formed with 330 and 530 pg mL ™
protein fraction were better dispersed (Fig. 8b, c). How-
ever, aggregates of gold nanoparticles were observed with
220 pg mL™! protein (Fig. 8a) which was also supported
by the secondary broad SPR observed in the higher wave-
length (Fig. 7).

Furthermore, each of the protein concentrations i.e.,
220, 330 and 530 pug mL™' was titrated against differ-
ent concentrations of the gold precursor (0.5, 0.75 and
1 mM AuCl,) and the effect on the hydrodynamic diam-
eter, polydispersity index and zeta potential of the gold
nanoparticles formed was examined. Spherical Au NPs
with particle Dy, ranging from 50 to 222 nm were formed
(Table 1). Notably, zeta potential of the Au NPs synthe-
sized for all the reactions showed considerable stability
i.e.,, —27 to —20 mV (Table 1).

Enzymatic assays showed that the cell free extract
was enriched in both the reductase enzymes i.e. alcohol
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Fig. 7 UV/vis spectrum of the gold nanoparticles biosynthesized
using varying protein concentrations for a fixed gold precursor

dehydrogenase (ADH, 0.047 U mg™') and glutathione
reductase (GR, 0.024 U mg™!). Experiments showed that
at 0.5 mM gold(III) chloride, and a protein concentration
of 537 ug mL™! in the reaction mixture failed to produce
Au NPs (entry 7 of Table 1). Assuming the reduction of

Au™ to Au’ is enzyme mediated; the increase in pro-
tein concentration should enhance the biosynthesis of
Au NPs. On the contrary, increasing protein concentra-
tion for a fixed concentration of gold (III) chloride did
not improve the biosynthesis of Au NPs. An appropriate
control experiment in which heat killed extract was used
instead of cell free extract also gave reduced nanogolds
(data not shown). Gold nanoparticles produced using cell
free extract were polydisperse in nature (Table 1).

Dispersion studies and colloidal stability

Au NPs were purified and the solid nanoparticles were
dispersed in MilliQ water. The dispersed Au NPs in
water showed increased Dy, (76 £ 5 nm) with wavelength
maxima of 551 nm as compared to as-prepared nano-
particles (D;, of 59 nm, A, of 535 nm). The polydisper-
sity index of the water dispersed Au NPs (0.47) did not
change much with that of the as-prepared Au NPs with
PDI (0.42). Zeta potential of water dispersed Au NPs was
about —36 £ 3 mV.

The dispersion behavior of the biosynthesized Au NPs
in various pH solutions was monitored using UV/vis
spectrophotometer (Fig. 9a). The difference in the SPR
absorbance of the dispersed Au NPs was attributed to
their dispersion stability which was also consistent with
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for a fixed gold precursor (Scale bar 100 nm)

Table 1 Influence of protein concentration (220-530 ug mL™") in the cell free extract of Candida parapsilosis ATCC 7330
against different concentrations of gold precursor (0.5-1 mM) towards the biogenesis of gold nanoparticles

Entry Protein concentration Gold (Il1) chloride Gold nanoparticles
(ngmL™Y) (mM) -
SPR band (nm) Size Zeta potential (mV)
Dy, (hm) PDI
1 220418 0.5 536 573458 0.445 —214+15
2 220+18 0.75 539 1099 + 3. 0.308 —273+32
3 220+ 18 1.0 543 222477 0.489 —278+05
4 330£27 05 534 56.7 £ 1.1 0454 —208+15
5 330+ 27 0.75 538 71606 0.402 —262+ 1.1
6 3304+ 27 1.0 537 50.1+£0.6 0422 —255+15
7° 530£32 0.5 - - - -
8 5304+ 32 0.75 546 164.1 £ 3. 0429 —21.7+14
9 530+ 32 1.0 535 592+ 1.1 0433 —244+03

2 No gold nanoparticles formation

the visual appearances of the samples (Fig. 9b). The col-
loidal stability of the pH 12 dispersed Au NPs was evi-
denced by the 10 nm blue shift from A,,, of 535 nm
(as-prepared) to 525 nm.

Particle size, particle size distribution and zeta poten-
tial of the dispersed nanoparticles were measured as
a function of pH of the dispersion medium (Fig. 9¢, d;
Additional file 1: Figure S9). At pH 12, hydrodynamic
diameter of the Au NPs was 44.25 with polydispersity
index of 0.2 and an increased negative zeta potential of
—38.93 mV. Stabilization aspects seems to depend on pH
as seen at pH 12 dispersion decreases the polydispersity
index of the biosynthesized gold nanoparticles. Electron
micrographs confirm the better monodispersity (PDI of
0.2 by dynamic light scattering analysis) of Au NPs in pH
12 solution (Fig. 10b; Additional file 1: Figure S9). Dis-
persed Au NPs in pH 12 solutions showed a decrease in
the diameter and the average size was found to be 32 nm
(calculated using Image ] software). Storage stability of
the pH 12 dispersed gold nanoparticles after 20 months
showed a decrease in primary particle size from 32 to

X

29 nm (Additional file 1: Figure S10) with PDI of 0.2 and
zeta potential of —35 mV.

For the pH values of 4-10, the D, is found between 75
and 86 nm and zeta values range from —31 to —42 mV.
Dispersion of Au NPs at pH 2 shows gold aggregates with
D,, of 8530 nm and zeta potential of 3.5 mV. The dispersal
of Au NPs in phosphate buffered saline (pH 7.4) yielded
nanoparticles with D of 150 £+ 42 nm (Additional
file 1: Figure S11) and zeta potential of —20.8 + 1.5 mV.
In addition to aqueous solutions, dispersion of bio-
synthesized Au NPs in organic polar solvents such as
dimethylsulfoxide (DMSO) and ethanol was studied. Dis-
persion in DMSO yielded Au NPs with Dy, of 135 &+ 6 nm
(Additional file 1: Figure S11) and zeta potential of
—27 + 1 mV. In case of ethanol, more gold aggregates
were formed with particle D, of 646 nm (Additional
file 1: Figure S11) and zeta potential of —23 mV.

The pH 12 system showed abss,(0, value of 4.40 i.e.
more positive stability as compared to the other pH solu-
tions and as-prepared Au NPs (3.25) (Additional file 1:
Figure S12). In the present study, the biosynthesized Au
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NPs dispersed in pH 12 solution was used as a nano-
catalyst for the sodium borohydride mediated reduction
of 4-nitrophenol which is a well established model reac-
tion (Panigrahi et al. 2007) for evaluating catalytic activ-
ity of the metal nanoparticles. The rapid decrease in the
absorbance of 4-nitrophenolate ion was observed with
the increase in time as compared to the control experi-
ment (Additional file 1: Figures S13, S14) performed in
the absence of gold nanoparticles. A linear plot of In (A,/
A,) vs. time gave the apparent rate constant (Fig. 10a)
(K,pp) 0f 2.3 x 1072 571 (0.138 min ).

Discussion

Microbial production of nanoparticles involves param-
eters such as the selection of the suitable biological
species and the optimal growth/cultivation conditions
necessary for enhanced biosynthesis. When the microbes
are challenged with a metallic precursor, mostly aerobic
cells use their defense machinery to detoxify the metal
which occurs preferably by the reduction of the metal
from its native toxic form to the less toxic form (Weast
1984). During this detoxification process, the mono-
mers required for the formation of metal nanoparticles
are generated which subsequently undergo nucleation
and form nanoparticles. Intracellular accumulation of
metals occurs with metabolically active cells (Wang and
Chen 2009). More likely, the accumulated gold gets con-
verted to gold nanoparticles within the cell. With resting
cells of Candida parapsilosis ATCC 7330, gold nanopar-
ticles formed within the cell and the process could be
metabolism dependent. A recent study with the fungus
Rhizopus oryzae shows that gold nanoparticles are bio-
synthesized on the cell wall and the cytoplasmic region
(Das et al. 2012b). Reportedly, biogenesis of gold nano-
particles using G. candidum is mediated intracellularly
(Mittal et al. 2013). Besides fungal species, intracellu-
lar growth of gold nanoparticles are also reported using
bacteria (Ivanov et al. 2009) algae (Gangula et al. 2011)
and cancerous cell lines (Wang et al. 2013). There is a tre-
mendous interest towards the intracellular synthesis of
the metal/alloy nanoparticles using microbes as they are
reportedly used as surface enhanced Raman scattering
probes (Shamsaie et al. 2007) and heterogeneous catalyst
(Deplanche et al. 2012) for chemical reactions.

In this study, the 24 h culture age of Candida parapsi-
losis ATCC 7330 which corresponds to the late exponen-
tial phase was found to be optimum for further studies.
Culture age (36 and 48 h) of Candida parapsilosis ATCC
7330 did not show any increase in the gold removal (76
and 77 %) from the aqueous solution as compared to 24 h
culture age. Few reports have correlated the richness of
enzyme/proteins present in the exponential phase of
the microbes to the maximum number of nanoparticles
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present in situ. An isolated study (Gericke and Pinches
2006a) showed that the number of gold nanoparticles
formed per cell decreases with increase in the culture
age of V. luteoalbum used. In a separate study, growth
phase (exponential phase) of the bacteria is correlated
with the maximum amount of gold accumulated within
the biomass (Erasmus et al. 2014). With the increase in
the biomass concentration, amount of gold (III) loaded
into the biomass decreased from 79 % (25 g L™}) to
52 % (150 g L™1). About 5 % decrease in gold uptake is
observed with the dried cells of Azolla filiculoides for the
increase in biomass concentration from 1 to 9 mg L™
(Antunes et al. 2001). Interferences between the bind-
ing sites for microbial biosorption of metals are one
of the possible explanations for the decreased metal
uptake. Very likely, an increase in biomass concentra-
tion decreases the electrostatic interactions between the
metal and the cells (Roussos et al. 2013).

The removal of metals from the aqueous solution is
strongly influenced by the contact time between the
microbe and the metals (Farhan and Khadom 2015).
Quantitative kinetics of the gold accumulation indicated
that about 77 % Au™ was taken up by the cell after 72 h.
Visual monitoring shows that the biomineralization
of gold nanoparticles increases with time and the same
was in consensus with the SPR intensity. An isolated
study shows that the bioaccumulation of radioactive gold
(H'*AuCl,) reaches a maximum limit after 10 h incuba-
tion with the yeast Saccharomyces cerevisiae (Panigrahi
et al. 2007). Candida parapsilosis ATCC 7330 showed
better atom economy (~10'") in terms of the gold atoms
bioaccumulated within a single yeast cell as compared to
AP22 and CCFY-100 strains of the yeast Saccharomyces
cerevisiae where 107 radioactive gold atoms (}**Au) are
accumulated in the form of nanoparticles of size (15—
20 nm) within each cell (Sen et al. 2011).

Apart from resting cells, microbial resources such as
crude extracts, cell free filtrates, and purified enzymes/
proteins are also used to synthesize metal nanoparti-
cles. Using cell free extracts of Candida parapsilosis
ATCC 7330, spherical gold nanoparticles with hydrody-
namic diameter of 50-220 nm was obtained by varying
the reaction stoichiometry between the gold precursor
(0.5-1 mM) and the protein concentration (220-530 pg/
mL). The biosynthesis of spherical and non-spherical
shaped gold nanoparticles in the size of 20-80 nm using
the cytosolic extract of Candida albicans (Chauhan
et al. 2011) is reported. The possible surface chemistry
involved in stabilization of gold nanoparticles (lyophi-
lized sample) was studied using FT-IR analysis. A broad
band at 3271 cm ™! indicated the N-H stretching of the
primary amines in the protein molecules (Correa-Llan-
tén et al. 2013). The FT-IR bands noticed at 1641, 1537,
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1234 cm™! corresponded to the amide I, amide II and
amide III bands of peptide units of polypeptide/pro-
teins respectively (Rajeshkumar et al. 2013; Aryal et al.
2006; Shankar et al. 2003). A band at 1389 cm™! corre-
sponded to the symmetric stretching of the carboxylate
(COO7) groups (Aryal et al. 2006). A notable band was
seen at 1039 cm™! which indicated the C-N stretching
vibrations possibly from aliphatic amines of the proteins
(Rajeshkumar et al. 2013). This analysis indicated that
the peptide/protein molecules could be involved in cap-
ping the Au NPs formed. Green synthesis of nanoparti-
cles using microbial extracts are reported to synthesize
stable gold nanoparticles where peptide/protein mole-
cules are capping the nanoparticles (Kitching et al. 2014).
Thermal decomposition studies of the freeze dried Au
NPs samples suggested the presence of capping agents
which decomposes around 350-400 °C. A similar find-
ing is reported in a biogenic approach using C. albicans
(Ahmad et al. 2013), where the protein biomolecules are
shown to stabilize the nanoparticles produced. In addi-
tion, SDS-PAGE analysis suggest that cellular proteins
are involved in the stabilization of the gold nanoparticles
biosynthesized using the cell free extract of Candida par-
apsilosis ATCC 7330.

The two main events in gold nanoparticles formation
in the yeast, viz. reduction and stabilization (Capping)
are recognized but their mechanism is not completely
understood (Duran et al. 2011; Faramarzi and Sadighi
2013; Hulkoti and Taranath 2014; Singh et al. 2015). The
cell free extract used for the biosynthesis of gold nano-
particles was enriched in alcohol dehydrogenase (ADH)
and glutathione reductase (GR) enzymes. It is known that
ADH (Drauz et al. 2012) mediates the enzymatic reduc-
tion of carbonyl compounds using NAD(P)H whereas
GR (Penninckx 2002) catalyzes the formation of reduced
glutathione from oxidized glutathione using NADPH.
Enzymes such as nitrate reductase (Kalimuthu et al
2008), hydrogenase (Riddin et al. 2009), sulfate reductase
(Ahmad et al. 2002), phenol oxidizing enzymes namely
laccase, tyrosinase, Mn-peroxidase (Vetchinkina et al.
2014), alpha-amylase (Manivasagan et al. 2015) and few
others are implicated in the bioreduction of Au(Ill) to
Au(0). Vaidyanathan et al. (2010) have shown that opti-
mizing the activity of nitrate reductase enhanced the sil-
ver nanoparticles production using B. licheniformis. Scott
et al. (2008) proposed that the metallic gold nanoparticles
formation occurs at the active site of NADPH dependent
glutathione reductase. E. coli cells bioengineered with
bacterial glycerol dehydrogenase are reported for in situ
biocatalytic synthesis of gold nanoparticles using NADH
as a cofactor (Niide et al. 2011). Reduction of gold pre-
cursor was observed even with heat denatured cell free
extract which indicate that the process is not entirely
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due to enzymatic reactions. Thus, multiple reduction/
stabilization reactions do occur and produce the reduced
nanogolds. This was further supported by the experiment
where increasing protein concentration for a fixed metal
precursor did not enhance the formation of gold nano-
particles and the same is consistent with earlier reports
(Das et al. 2012a; Tan et al. 2010). Thus, direct correla-
tion to reductase activity may not be precise but the total
protein concentration likely influences the formation of
stable Au NPs with moderate polydispersity.

It is also established that the fungal/yeast species gen-
erates metal nanoparticles with broad size distribution
(Kitching et al. 2014). The presence of more than one
nucleation event during biogenic nanofabrication con-
tributes to polydispersity. The utility of the polydisperse
gold nanoparticles is limited due to the overlapping prop-
erties of the varying sizes of the nanoparticles produced.
Achieving dispersions of gold nanoparticles with narrow
size distribution is important. Dispersion of the biosyn-
thesized gold nanoparticles in pH 12 solution improved
the monodispersity of the gold nanoparticles. Long term
storage of pH 12 dispersed gold nanoparticles for about
20 months at 4 °C show improved dissolution of nano-
particles due to a decrease in the size of the dispersed
nanoparticles from 32 to 29 nm (as calculated from
electron micrographs) although there was no significant
change in the polydispersity index and zeta potential of
the nanoparticles. In basic conditions, the deprotonation
of the Au-OH groups on the surface of the nanoparti-
cles (Pfeiffer et al. 2014) provides electrostatic repulsive
forces improving the dispersion of gold nanoparticles. In
the chemical approach, adjusting the reaction to alkaline
pH is reported to produce monodisperse gold nanopar-
ticles with controlled particle size distribution (Ji et al.
2007; Kumar et al. 2007; Yang et al. 2007). On the other
hand, less positive zeta values (3.5 + 0.5 mV) of the pH 2
dispersed gold nanoparticles indicate that the thickness
of the electrical double layer is drastically reduced (Sen-
nett and Olivier 1965) and therefore as a result, strong
aggregation of gold nanoparticles was seen which may be
due to the increased Van der Waal’s attractive forces as
compared to the stabilizing forces (Nel et al. 2009). Simi-
lar observation is reported in the aggregation behavior
of biologically synthesized silver nanoparticles (Prathna
et al. 2011). For the dispersion of Au NPs in polar sol-
vents such as DMSO and ethanol, the varying agglomera-
tion behavior was observed which could be attributed to
the difference in the dielectric constants among the sol-
vents. The results are in accordance with a recent report
(Burrows et al. 2014), which states that the decrease in
the dielectric constant (DMSQO, 48 and ethanol, 24) is
expected to decrease the repulsive forces between the
nanoparticles and thus results in more aggregation.
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Colloidal stability of Au NPs is evaluated on the basis of
the stability parameter (Ivanov et al. 2009) derived from
surface plasmon resonance assay i.e., the ratio of the
absorbance measured at 520 nm to that of 600 nm. Sur-
face Plasmon resonance assay confirmed the better dis-
persion stability of biosynthesized gold nanoparticles in
pH 12 solution as compared to other pH solutions. In the
presence of sodium borohydride, dispersed gold nano-
particles (in pH 12 solution) was catalytically active as
the substrate 4-nitrophenol was found decreasing with
time in the spectrophotometric assay and the calculated
rate constant was similar to the reported (Zayed and Eisa
2014) values (3.1 x 1073 s71) for Au NPs of 32 nm.

In summary, a one-pot sustainable method employing
the use of yeast cells, Candida parapsilosis ATCC 7330
as a mild reagent for the biosynthesis of gold nanopar-
ticles was established. Cell free extracts gave better gold
nanoparticles of size (50-220 nm) whereas resting cells
yielded gold nanoparticles accumulated within the cell.
The formation of nanoparticles using the cell free extract
depends on total cellular protein concentration and not
only enzymatic activity of redox enzymes. This is the first
detailed report to address the dispersion behavior of bio-
synthesized gold nanoparticles in different matrices. Dis-
persion of the biosynthesized gold nanoparticles in pH
12 solution (32 nm Au NPs) improves the particle mono-
dispersity which is demonstrated via the size dependent
catalytic activity for the reduction of 4-nitrophenol.

Additional file

[ Additional file 1. Additional figures and tables. J
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